The mechanical output of piezoelectric vibrators, particularly actuators, is determined by the limit of the vibration velocity. To obtain large vibration velocity, it is important to deposit a thick piezoelectric film. We have succeeded in depositing thick lead zirconate titanate (PZT) films by the hydrothermal method. The thicknesses of the films were 2 µm, 9.8 µm, 20 µm and 30 µm when the reaction times were 2, 5, 10, and 15, respectively. We have also estimated Young's modulus of the PZT films from the resonance frequency of the bimorph vibrators. From the measurement results, Young's modulus of the PZT film was 1.3 × 10 10 N/m 2 . This value corresponded to only 16% of that of bulk PZT. The piezoelectric constants of hydrothermally deposited PZT film were inferior to those of bulk PZT. To obtain much larger constants, it is necessary to obtain larger Young's modulus.
Introduction
Numerous processes regarding the deposition of lead zirconate titanate (PZT) thin films have been reported. A hydrothermal method 1, 2) was also reported as a deposition process, which realizes large vibration velocity under high stress intensity operation.
3) The mechanical output of devices, particularly actuators, is determined by the limit of the vibration velocity. For example, in the case of ultrasonic motors, the maximum rotation speed is limited by the vibration velocity of the transducer. To obtain large vibration velocity, it is important to deposit a thick film. This is because the maximum operation voltage is larger when the film is thicker. Then, the output force becomes larger.
Thicker PZT Film Deposited by Hydrothermal Method
We have reported the fabrication of a micro-ultrasonic motor, 4) a vibration touch probe sensor, 5, 6) and an ear horn 7) using hydrothermally deposited PZT films. We have also reported the improvement of the deposition process of the hydrothermal method. 2, 8) The hydrothermal method uses a chemical reaction, between the titanium base and the ions melted in aqueous solutions. Processes are carried out in an autoclave. The hydrothermally deposited PZT film has some useful characteristics, such as it is a thick film, has automatic polarization, and does not require annealing.
1)
The process has two steps. The first step is called the nucleation process. The reaction was carried out at the temperature of 140
• C. During this step, nuclear crystals of PZT were deposited on the titanium base. The second step was carried out at a lower temperature of 120
• C. During the second step, PZT crystals grew in size. The thickness of the film increased by repeating the second step, namely, the crystal growth process. The thickness of the film does not saturate.
The surface profiles of hydrothermally deposited PZT thin films are shown in Fig. 1 . Figure 1 indicate the scanning electro microscopy (SEM) photograph and atomic force micro- * E-mail address: kanda@intellect.pe.u-tokyo.ac.jp scope (AFM) image. The deposited film is crystallized and has a polycrystal structure. This film was deposited by carrying out the first step and once second step. We repeated the second step many times to increase the thickness of the PZT film. The reaction times were 2, 5, 10, and 15. This means that the second step was repeated once, 4 times, 9 times, and 14 times, respectively. Figure 2 shows the cross-sectional SEM photographs of the PZT films and substrates. The thickness of the Ti base substrates is 100 µm. The samples were filled in the epoxy resin and polished.
The thickness of the films of 2, 5, 10, and 15 times reaction, corresponded to 2 µm, 9.8 µm, 20 µm, and 30 µm on each side, respectively. This result indicates that the thickness of the film increased by 2 µm for each repetition of the second reaction step. Figure 3 shows the magnified cross-sectional SEM image of the 10-times-reaction film. The film consists of many crystals. This means the film has a polycrystal structure. The side length of each crystal, horizontal to the Ti substrate, is about 10 µm. Vertically, the length is equal to the thickness of the film. This result means the crystals grew successively. Fig. 3 . Magnified cross-sectional SEM image of the PZT film in Fig. 2(c) .
Young's modulus
To evaluate Young's moduli of hydrothermally deposited PZT thin films, we measured the resonance frequency of the 
In eq. (1), L denotes the length of the bimorph vibrator, and m i , the frequency constant of the vibration mode. When the vibration mode is the first bending mode, the constant is m 1 = 1.8751. From eq. (1), the Young's modulus of the PZT film can be described as
For the bimorph vibrator, f L 2 is constant. Hence the Young's modulus can be obtained when the relationship between the resonance frequency and the length of the bimorph vibrator is measured.
To estimate the Young's modulus of the PZT thin film, we measured the resonance frequency of the bimorph vibrators, whose lengths are 5 mm, 10 mm, 20 mm, 30 mm, and 40 mm. The thickness of the titanium base was 50 µm. The bimorph vibrators are shown in Fig. 4 . One end of this bimorph vibrator was fixed. The gold electrodes were deposited on both sides by vacuum evaporation. The driving voltage for each electrode was 100 mV p-p with a 180 degree phase shift. To estimate the resonance frequency of the vibrators, we measured the vibration velocity. The laser spot of a laser Doppler vibrometer was irradiated to the free edge of the bimorph vibrator. Figure 5 shows the measurement results of the relationship between the vibrator length and the resonance frequency. Hence, Young's modulus of the hydrothermally deposited PZT thin film was only 16% of that of the bulk PZT.
Piezoelectric Constants
We have reported the measurement results of piezoelectric factors for hydrothermally deposited PZT thin films.
3)
The piezoelectric constant d 31 was −34 pC/N and e 31 was −0.34 C/m 2 . Each constant value was 36% and 11% of that of bulk PZT, −93.5 pC/N and −3.1 C/m 2 . 9) The constant e 31 is inferior to the constant d 31 .
The relationship between the piezoelectric constants e 31 and d 31 can be described as
where c E 11 , c E 12 , and c E 13 are the elastic stiffness constants. Equation 3 indicates the difference between the piezoelectric constants d and e determined by the Young's modulus. To obtain a much larger e constant, it is important to obtain a much larger Young's module in addition to the much larger d constant.
Conclusions
We have succeeded in depositing thick PZT films by the hydrothermal method. The thicknesses of the films were 2 µm, 9.8 µm, 20 µm and 30 µm when the reaction times were 2, 5, 10, and 15, respectively.
We have also estimated Young's modulus of the PZT film from the resonance frequency of the bimorph vibrator. From the measurement results, Young's modulus of the PZT film was 1.3 × 10 10 N/m 2 . This value corresponds to only 16% of that of the bulk PZT.
The piezoelectric constants of the hydrothermally deposited PZT film were inferior to those of bulk PZT. In particular, the piezoelectric constant e 31 was only 11% of that of bulk PZT although the constant d 31 was 36%. The difference of the piezoelectric constants is concerned with the value of
